RNA Helicases: Structure and Function
=====================================

RNA helicases are molecular motors that rearrange RNA secondary structure or ribonucleoprotein (RNP) complexes.[@R1]^-^[@R4] Genes encoding RNA helicases have been identified in all three kingdoms of life as well as in many viral genomes.[@R5] RNA helicases are potentially associated with the entire lifespan of an RNA molecule, from transcription to degradation, functioning in housekeeping pathways including translation initiation, ribosome biogenesis and mRNA splicing.[@R6]^-^[@R8] In addition, RNA helicase activity is associated with specialized processes involving cell growth, differentiation, development, small RNA (sRNA) metabolism and response to abiotic stress.[@R5]^,^[@R9]^-^[@R11] The importance of RNA helicases and RNA metabolism in cell physiology is underscored by their role in viral infection, aging, neurological disorders and human diseases including cancer.[@R12]^,^[@R13] Nucleic acid helicases are broadly classified into six families with the majority of RNA helicases belonging to superfamily 2 (SF2) comprised of five subfamilies, three of which are termed the DEAD, DEAH and DExH protein subfamilies after variations in the signature amino acid domain, Asp-Glu-Ala-Asp.[@R14] The DEAD-box family is the largest subfamily, characterized by an RNA helicase core containing a minimum of 12 conserved amino acid motifs comprising two tandemly repeated RecA-like domains that structurally resemble the bacterial recombinase A protein (RecA) ([Fig. 1](#F1){ref-type="fig"}).[@R15] Importantly, the majority of RNA helicases also possess N- and/or C-terminal extensions that provide RNA or protein cofactor specificity.[@R4] RNA helicases frequently function in multi-subunit complexes, prime examples being translation initiation and the mRNA spliceosomal complex in eukaryotes.[@R4] Recently it has become apparent that RNA helicase function may not be limited to alteration of RNA structure but may include nucleation of protein-protein interactions and maintenance of the RNP complex in a long-lived, stable configuration. This process is referred to as RNA clamping[@R16] and is an enticing model for RNA processing pathways that require numerous sequential steps, each requiring a different RNA helicase.[@R4]^,^[@R9] It is also becoming evident that RNA helicases potentially link transcriptional and post-transcriptional regulation of RNA metabolism with different cellular processes.[@R17]^-^[@R22] The ability of some RNA helicases to both unwind and anneal dsRNA duplexes and combine the two processes to catalyze RNA strand exchange expands the repertoire of RNA structural alterations catalyzed by these enzymes ([Fig. 2](#F2){ref-type="fig"}).[@R23]^-^[@R26]

![**Figure 1.** DEAD-box RNA helicase structure. The DEAD-box helicase core consists of two RecA-related domains containing a minimum of 12 conserved domains that characterize the family.[@R4]^,^[@R5]^,^[@R15]^,^[@R126] The sequence of the conserved domains in the *E. coli* DeaD protein are: Q, PSPIQ; I, GSGKTAAF; Ia, LAPTRELAVQV; Ib, GG; Ic, VGTPGRLLD; II, VLDEADEM; III, FSATM; IV, IIFVRTK; IVa, NGDMNQALR; V, LIATDVA; Va, ARGLDVERISLVVNYD; VI, YVHRIGRTGRAG. The relative order for the domains with RNA-binding or unwinding and ATP binding and/or hydrolysis functions are shown. For example, domain II contains the DEAD motif (Asp-Glu-Ala-Asp). In addition to the helicase core, DEAD-box RNA helicases frequently contain N- and C-terminal extensions that provide RNA and/or protein interaction specificity. The figure is not drawn to scale and has been adapted from Linder and Jankowsky.[@R4]](rna-10-96-g1){#F1}

![**Figure 2.** RNA helicases and RNA structure remodeling. The majority of RNA helicases are believed to rearrange RNA structure by unwinding dsRNA into ssRNA. Relatively few also catalyze annealing of complementary ssRNA into dsRNA, the annealing and unwinding activities combining to promote RNA strand exchange. These processes require ATP hydrolysis, not for the structure rearrangement but for helicase association with the RNA substrate.[@R2]^,^[@R127]^,^[@R128] Unwinding generally occurs over short distances, 1--2 helical turns,[@R3] however protein cofactors can increase the processivity and also contribute to RNA substrate specificity.](rna-10-96-g2){#F2}

Similar to eukaryotic systems, molecular, structure/function and genetic analysis has recently provided unique insights into the roles RNA helicases perform in prokaryotes. Prokaryotes generally encode significantly fewer RNA helicases than eukaryotes, implying a multi-tasking role for individual prokaryotic RNA helicases. Multiple roles are also indicated by protein network alignments indicating that RNA helicases function in conserved pathways between bacteria and yeast.[@R27] For example the bacterial helicase, DeaD (also called CsdA), is structurally related to three helicases in yeast, suggesting that DeaD functions in multiple pathways in *Escherichia coli*. These observations indicate that bacterial RNA helicases can perform numerous roles, facilitating crosstalk between different cellular pathways in response to changing environmental conditions. This review discusses recent insights associating DEAD-box RNA helicase activity with prokaryotic response to abiotic stress.

RNA Helicases in Cold Stress
============================

Induction of RNA helicase expression in response to a reduction in growth temperature ([Table 1](#T1){ref-type="table"}) intimates that RNA helicase activity is required for normal cellular function at temperatures below the growth optimum. While the exact biochemical nature of this requirement is not known, it is generally assumed that helicase activity resolves RNA secondary structures that are thermodynamically stabilized at low temperature. This general function would potentially explain the pleiotropic nature of cellular processes associated with cold-induced RNA helicase inactivation.[@R28]^-^[@R33] Resolving of secondary structure is not expected to occur over long distances as the majority of DEAD-box RNA helicases are not processive, exhibiting RNA unwinding activity over short artificial RNA duplexes containing less than two helical turns in vitro although it is possible that protein cofactors and/or specific RNA substrates may enhance processivity in vivo ([Fig. 2](#F2){ref-type="fig"}).[@R4]

###### **Table 1.** Overview of the roles performed by prokaryotic RNA helicases in response to abiotic stress

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  RNA helicase   Bacterium                            Role in RNA metabolism                                                                                                                                                                                         Reference
  -------------- ------------------------------------ -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------
  DeaD\          Various                              Pleiotropic effects at all temperatures; formation of a cold-adapted ribosome; replaces RhlB in degradosome at low temperature                                                                                 [@R29], [@R54], [@R57], [@R58], [@R74], [@R75], [@R76]
  (CsdA)                                                                                                                                                                                                                                                             

  SrmB           *E. coli*                            Ribosome assembly                                                                                                                                                                                              [@R28], [@R54], [@R77], [@R130]

  RhlE           Various                              Degradosome composition; suppression of *deaD* mutation phenotype                                                                                                                                              [@R54], [@R77], [@R99]

  CrhR           *Synechocystis* PCC 6803             DeaD-related homolog, unique C-terminal extension; pleiotropic effects at all temperatures                                                                                                                     [@R32], [@R41], [@R44], [@R45], [@R46]

  CrhC           *Anabaena* PCC 7120                  RhlE homolog; Cold stress specific; membrane localized at cell poles                                                                                                                                           [@R37]--[@R40]

  DeaD           *Psychrobacter arcticus* 273-4       DeaD exchanges with RhlB in degradosome during cold stress                                                                                                                                                     [@R101]

  DeaD           *Methanococcoides burtonii*          Psychrotolerant increases dead expression from 4 to 23°C                                                                                                                                                       [@R50]

  DeaD           *Methanococcus jannaschii*           Hyperthermophilic methanarchaeon isolated from a deep-ocean hydrothermal vent, grows optimally at 85°C; DEAD homolog is the most significantly upregulated gene (15-fold) in response to cold stress at 65°C   [@R51]

  TK0306         *Thermococcus kodakaraensis*         DeaD homolog; expression decreases as temperature increased from 60 to 93°C                                                                                                                                    [@R52]

  CshA\          *Bacillus cereus*                    Five DEAD box helicase mutants; *cshA*, *cshB* and *cshC* have different effects at different temperatures (12, 30 and 37°C)                                                                                   [@R30], [@R134], [@R135]
  CshB\                                                                                                                                                                                                                                                              
  CshC                                                                                                                                                                                                                                                               

  CshA\          *Bacillus subtilis*                  DeaD homologs; transcriptome, CshA or CshB required for viability; YxiN, the DbpA homolog, interacts with 23S rRNA                                                                                             [@R56], [@R87], [@R105], [@R108], [@R136]
  CshB\                                                                                                                                                                                                                                                              
  YxiN                                                                                                                                                                                                                                                               

  DeaD           *Listeria monocytogenes* EGD-e       All four DEAD box genes increase; 3 affected growth and motility Δ*lmo0866*, Δ*lmo1450* and Δ*lmo1722*, one affected growth at all temperatures (*lmo1450*)                                                    [@R47], [@R48], [@R137]

  SCD_00930      *Sulfuricella denitrificans* skB26   RhlE homolog; one of three DEAD box helicases increases at 4°C vs. 22°C                                                                                                                                        [@R49]

  DeaD           *Yersinia pseudotuberculosis*        Inactivation reduces growth and *deaD* expression increased at 3°C vs. 28°C                                                                                                                                    [@R65]

  DeaD           *Shewanella piezotolerans*           Psychrotolerant bacterium isolated from deep-sea sediment; *deaD* expression increases 23-fold at 0°C vs. optimal at 20°C                                                                                      [@R55]

  CC_0835        *Caulobacter crescentus*             RhlE homolog; upregulated and severely reduces growth of mutant at 15°C vs. 30°C                                                                                                                               [@R138]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

  ------------------------------------------------------------------------------------------------------------------------------------
                                                       Other Stresses                                                          
  ----------- ---------------------------------------- ---------------------------------------------------------------------- --------
  DVU3310     *Desulfovibrio vulgaris* Hildenborough   Salt; DeaD homolog, proteome                                           [@R60]

  CrhR        *Synechocystis* 6803                     Salt; subtractive RNA hybridization                                    [@R42]

  DeaD        *Clostridium perfringens*                Oxidative stress; DeaD homolog mutation enhances cell resistance       [@R62]

  DeaD        *E. coli*                                Isobutanol tolerance                                                   [@R63]

  DR 1624\    *Deinococcus radiodurans*                Cadmium stress; DeaD homolog transcript levels rapidly reduced         [@R64]
  (DeaD)                                                                                                                      

  DR B0136\   *Deinococcus radiodurans*                Cadmium stress; HepA homolog transcript levels progressively reduced   [@R64]
  (HepA)                                                                                                                      
  ------------------------------------------------------------------------------------------------------------------------------------

                     Ribosome Biogenesis                                     
  ------ ----------- ------------------------------------------------------ ---------------------------------
  DeaD   *E. coli*   50S subunit assembly                                   [@R29], [@R54], [@R76], [@R130]
  SrmB   *E. coli*   50S subunit assembly                                   [@R28], [@R80], [@R81], [@R139]
  RhlE   *E. coli*   50S subunit assembly                                   [@R77]
  DbpA   *E. coli*   70S subunit assembly; 23S rRNA conformational change   [@R53], [@R76], [@R86]

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                     RNA Turnover: Degradosome                                                                                
  ------- -------------------------- ------------------------------------------------------------------------------------------------------- --------------------------
  RhlB    *E. coli* and other        Subunit 37°C; forms membrane associated helical structures                                              [@R90], [@R112], [@R113]

  RhlE                               Cold shock degradosome in vitro                                                                         [@R92]

  DeaD                               Cold shock degradosome in vivo                                                                          [@R93]--[@R97]

  CshA    *Bacillus subtilis*        RhlB equivalent                                                                                         [@R104]--[@R107]

  CshB\   *B. subtilis*              Evidence for transient association under specific conditions but not cold stress; nucleoid associated   [@R107]
  DeaD                                                                                                                                       

  CshA    *Staphylococcus aureus*    RhlB equivalent                                                                                         [@R103]

  RhlE    *Pseudomonas syringae*     RhlE-homologue interacts with RNase R and RNase E                                                       [@R102]

  RhlE    *Caulobacter crescentus*   Nucleoid localized degradosome containing a RhlE-homolog                                                [@R140], [@R141]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------

                     Translation                                   
  ------ ----------- -------------------------------------------- --------------------------
  DeaD   *E. coli*   Translation initiation on structured mRNAs   [@R79], [@R116]--[@R119]

                     sRNA Metabolism                                 
  ------ ----------- ---------------------------------------------- ------------------
  DeaD   *E. coli*   DsrA derepression of *rpoS* mRNA translation   [@R122], [@R133]

Diversity of cold induced RNA helicases
---------------------------------------

Cold induction of RNA helicase expression has been observed in a variety of bacteria including psychrotolerant and hyperthermophilic Gram-negative, Gram-positive and archaeal species ([Table 1](#T1){ref-type="table"}). While many of the examples originate from transcriptomic or proteomic analysis, some cases have been examined in more detail. Eukaryotic genomes generally encode a number of genes coding for DEAD-box RNA helicases, 26 in the *Saccharomyces cerevisiae* and 37 in the human genome,[@R4] at least two of which are temperature regulated in yeast, DED1 and DBP2.[@R34] Indeed, the smallest genome of a free-living eukaryote from the fungus *Ashbyz gosypii* contains a DEAD-box RNA helicase repertoire essentially identical to that observed in *S. cerevisiae*.[@R35] Functionally, eukaryotic RNA helicases do not genetically complement one another. Thus the genetic repertoire and functional analysis suggests that each RNA helicase generally performs a specific function in eukaryotes. This is not the situation in prokaryotes whose genomes encode a variable number of RNA helicase genes with evidence that individual proteins participate in divergent pathways. The phylogeny of bacterial RNA helicases has been extensively analyzed in a recent review.[@R36] Although not a general characteristic of these organisms, only a limited number of obligate endo-mutualist genomes do not encode an RNA helicase gene, presumably since they do not encounter rapid changes in growth conditions, especially temperature, and thus do not require RNA helicase activity. A substantial number (116) of sequenced genomes only contain a single DEAD-box helicase while gene expansion has resulted in 12 genes in some γ-Proteobacteria, for example members of the Shewanella and Vibrio genera.[@R36] The clade to which these RNA helicase genes group is essentially random, with no clear association between the number or repertoire of RNA helicases encoded in a given bacterial genome. The number of helicase genes is also not related to ORF number or GC content although there is a correlation between the number of RNA helicase genes and 23S rRNA copy number, most probably a reflection of RNA helicase activity association with ribosome biogenesis.[@R36] Thus, predictions relating growth habitat with RNA helicase repertoire is not currently possible.

RNA helicase gene complement
----------------------------

The RNA helicase gene complement of an organism is also not associated with a free-living growth style. For example, low temperature induction of RNA helicase expression has been examined in the free-living obligate photoautotrophic cyanobacteria. In *Anabaena* PCC 7120, one of the two DEAD-box RNA helicase genes, *crhC*, is specifically expressed only in response to temperature stress induced by a temperature downshift from 30 to 20°C.[@R37]^,^[@R38] CrhC exhibits limited RNA helicase activity in vitro[@R39] and is localized to the cell poles in this filamentous organism.[@R40] This cellular localization has led to the speculation that CrhC is associated with the co-translational-translocation of proteins into or across the inner membrane. Expression of the second *Anabaena* PCC 7120 helicase, *crhB*, resembles that of *crhR* in *Synechocystis* PCC 6803.[@R37] A single DEAD-box RNA helicase, *crhR*, is encoded in the *Synechocystis* genome whose expression is regulated by the redox status of the electron transport chain[@R41] and is enhanced by stresses that increase reduction of the chain, including salt[@R42] and temperature.[@R43] *crhR* inactivation has a pleiotropic effect with mutant cells exhibiting a severe growth phenotype at 20°C and physiological and morphological effects derived from a decrease in photosynthetic carbon fixation.[@R32] An important observation is that *crhR* inactivation produces effects at all temperatures, indicating that RNA helicase activity is constitutively required although the effects of mutation are exacerbated at low temperature.[@R32] CrhR is most closely related to DeaD, however this homology only encompasses the RNA helicase core, as CrhR possesses a unique C-terminal extension that is specific to related genes only found in cyanobacteria (Owttrim, unpublished). This domain is presumably related to the ability of CrhR to catalyze dsRNA unwinding, annealing and strand exchange, providing the potential to perform RNA structural rearrangements in addition to those normally performed by canonical RNA helicases.[@R24] Functionally, CrhR activity has been associated with regulation of protein chaperone expression,[@R44] photosystem stoichiometry[@R45] and various pathways in response to cold stress.[@R46] These genetic, structural and biochemical attributes indicate that CrhR may perform a variety of roles in RNA metabolism in *Synechocystis.*

Species containing more than one DEAD box RNA helicase family member frequently differentially express each gene. For example, the effect of mutation of the five DEAD box helicases in *Bacillus cereus* in response to temperature, pH and oxidative stress indicated that *cshD* and *cshE* deletion had no effect under any condition tested while ∆*cshA*, B and C did not grow at 12°C.^30^ ∆*cshA*, B and C produce differential effects in response to temperature fluctuation, deletion of *cshA* reduced growth at all temperatures up to 45°C, deletion of *cshB* had an impact below 30°C and over 37°C, while deletion of *cshC* led mainly to a cold-sensitive phenotype. Similar differentially effects were observed in response to oxidative stress while the response to pH stress was only affected in ∆*cshA* cells. The results indicate that CshA, CshB and CshC participate in general response pathways to stress conditions with CshA activity playing more important roles in cellular response to low temperature and pH stress. This appears to be a common phenomena as similar effects are observed in psychrotolerant organisms, the Gram-positive pathogen *Listeria monocytogenes* EGD-e[@R47]^,^[@R48] and the sulfur oxidizing Gram-negative bacterium *Sulfuricella denitrificans* skB26.[@R49]

RNA helicase "cold induction" temperature
-----------------------------------------

RNA helicase association with cellular response to low temperature is not based on the absolute temperature but related to growth at temperatures below the growth optimum. Expression of DeaD homologs is temperature regulated in Archaebacteria in response to a temperature decrease from 23 to 4°C in the psychrotolerant *Methanococcoides burtonii*[@R50] and for TK0306, from the hyperthermophilic archaeons *Methanococcus jannaschii* and *Thermococcus kodakaraensis* grown at 60 or 65°C compared with the optimal growth temperature of 85°C.[@R51]^,^[@R52] It is therefore tempting to speculate that the hyperthermophilic data suggest that RNA helicase activity is performing alternative roles unrelated to problems associated with the stabilization of RNA structure at the non-permissive temperature.

An important observation is that RNA helicase activity of the temperature-regulated gene is required at all temperatures, similar to the effect of the R331A mutation in DbpA[@R53] and ∆*deaD*[@R29]^,^[@R54] in *E. coli* and ∆*crhR* in *Synechocystis*.[@R32] In instances where this is not the case, another RNA helicase gene presumably complements the RNA helicase mutation, as exemplified by *Shewanella piezotolerans*, a psychrotolerant Gram-negative bacterium isolated from deep-sea sediment that expresses 11 DEAD-box RNA helicases.[@R55] Inactivation of the *S. piezotolerans* gene most significantly induced by low temperature, the *deaD* homolog, has no effect on growth at any temperature, suggesting that another RNA helicase complements its role. Complementation of helicase inactivation in organisms expressing multiple RNA helicases appears to be common, as also observed in *B. subtilis* in which at least one of the cold-induced helicases, *cshA* or *cshB*, is required for viability.[@R56]

Expression of a non-conserved number of RNA helicases in bacterial species deserves further investigation. One potential explanation involves the switching of RNA helicases in multi-subunit complexes in response to changes in growth temperature, as discussed below. RNA helicase isozyme switching may also apply to other abiotic stress responses as well. These observations indicate that bacterial RNA helicase involvement in cellular response to abiotic stress is flexible, with species-specific approaches to the problem. Correlation between the type of helicase and abiotic stress is not always observed although cold stress is associated with alteration of ribosome and RNA degradosome composition (see below).

RNA helicase inactivation differentially affects growth in *E. coli*
--------------------------------------------------------------------

Inactivation of RhlE, SrmB, CsdA and DbpA differentially affect growth in response to temperature change. *deaD* mutation is primarily responsible for the growth defects observed in rich media at 37°C, as the doubling time is increased by 20% in ∆*deaD* strains while individual deletion of the other four helicases has no effect on growth rate.[@R54] The ∆*deaD* and ∆*srmB* strains both exhibit a cold sensitive phenotype that is progressively enhanced as the temperature decreases below 30°C.[@R28]^,^[@R29]^,^[@R54] In the ∆*deaD* strain the doubling time increases 2 to 4.5-fold[@R29]^,^[@R54]^,^[@R57] and results in a filamentous growth phenotype at 15°C.[@R57] In conjunction, *deaD* expression is induced in response to a reduction in growth temperature, increasing from basal levels at 37°C to significant accumulation at 15°C, with the DeaD protein associating with ribosomes.[@R57] At reduced temperature, DeaD overexpression suppresses the cold sensitive phenotype of *rpsB*, encoding ribosomal protein S2[@R58] and *deaD* mutation influences expression of specific genes, including heat- and cold-shock proteins[@R57] and degradation of specific mRNA transcripts ([Table 1](#T1){ref-type="table"}).[@R59] These results are reflective of DeaD performing roles in translation initiation and RNA degradation (see below). Deletion of multiple DEAD box genes in *E. coli* has provided further insights into the roles performed by RNA helicases, at temperatures below 25°C additive effects of the deletion of multiple helicases is observed with the most severe effect created by deletion of all five genes (∆5 strain), however the primarily effect results from the absence of DeaD activity.[@R54]

RNA Helicases in Other Abiotic Stresses
=======================================

Regulation of RNA helicase expression is associated with a variety of environmental stress conditions other than low temperature, as summarized in [Table 1](#T1){ref-type="table"}. The examples include situations in which helicase inactivation either enhances or decreases cellular sensitivity to the stress. Similar to cold stress, cellular requirement for increased RNA helicase abundance is generally associated with alteration of the stability of RNA secondary structure in response to the stress. An example is salt stress, which, like low temperature, also causes water stress, is thought to reflect an increased requirement for RNA unwinding caused by the stabilizing effect of increased salt concentrations on RNA stability.[@R42]^,^[@R60] This conclusion is supported by the observation that osmolytes decrease RNA stability, suggesting that cells subjected to osmotic stress utilize a combination of osmolyte synthesis and RNA helicase activity to overcome the restrictions imposed on RNA metabolism.[@R61] Examination of how multiple stresses influence cell growth in organisms that express multiple RNA helicases is just beginning. An extensive analysis of the roles performed by four putative DEAD-box RNA helicase genes on growth of *L. monocytogenes* EGD-e under heat, pH, osmotic, ethanol, and oxidative stresses has recently been presented.[@R48] Again mutational studies indicate that each helicase functions in divergent cellular processes in response to different conditions, although changes in expression level are not correlated with changes in stress tolerance for two of the helicases.[@R48]

RNA helicase inactivation enhancement of stress tolerance
---------------------------------------------------------

Instances in which helicase mutation enhances cellular tolerance to stress are accumulating. Mutation of a *deaD* homolog in the strictly anaerobic Gram-positive pathogen *Clostridium perfringens*, that exhibits a strong oxidative stress response, generates a mutant that is more resistant to oxidative stress.[@R62] Enhancement of stress tolerance by RNA helicase mutation has also proven useful in a biotechnological application, contributing to the reallocation of carbon flow and enhancement of the production of second-generation biofuels. *E. coli* induced to evolve isobutanol tolerance are mutated in *deaD* and *hrpA*.[@R63] Interestingly, the *deaD* mutation "evolved" during the selection process subsequently to mutations in *rpsB*, coding for the 30S ribosomal subunit S2, and the RNA chaperone, *hfq*. The physiological reasons for the enhanced tolerance are not known but possibly involve abnormal production of a protein that is detrimental during the stress condition. These observations indicate that alteration of RNA metabolic pathways contributes to cellular tolerance of butanol stress and suggest that targeting RNA helicases will provide a fruitful approach toward enhancement of additional biotechnological applications.

RNA helicase downregulation in response to abiotic stress
---------------------------------------------------------

It is interesting that the downregulation of RNA helicase expression in response to stress has rarely been reported, possibly an indication that RNA helicases perform essential functions during optimal growth. An example occurs in *Deinococcus radiodurans* in which transcript accumulation of the DEAH-box homolog of *hepA* (DR_B0136) progressively decreases (12-fold within 1 h) and the *deaD* homolog, DR_1624, is rapidly reduced (15-fold within 15 min) in response to cadmium stress.[@R64] The reason(s) for the decrease are not understood, however the mechanism is potentially related to the situations in which deletion of RNA helicases enhance cellular tolerance to stress.

RNA helicases in pathogenesis
-----------------------------

RNA helicases performing diverse roles in cellular stress responses suggests a potential involvement in pathogenesis, such as the example given above in *C. perfringens*.[@R62] Recently, *deaD* inactivation in the food-borne pathogen, *Yersinia pseudotuberculosis*, indicates that DeaD is dispensable at 28°C and growth is impaired at 3°C and thus may play a role in food-borne pathogenesis.[@R65] This appears to be an underexploited area of investigation and more examples relating RNA helicases to pathogenicity are expected.

RNA helicase response to abiotic stress is not universal
--------------------------------------------------------

Cellular requirement for enhanced RNA helicase expression in response to abiotic stress is not universal, being extremely variable and frequently not observed even in response to extreme conditions.[@R66]^-^[@R68] For example, RNA helicase gene expression was not altered in *B. subtilis* spores exposed to outer space conditions or a simulated Martian environment for 559 d on a space shuttle mission.[@R69] The mechanism(s) why the alteration of RNA helicase expression varies in stress responses in different organisms is not known, presumably other RNA chaperones are fulfilling the role performed by RNA helicases in these systems. For example, cyanobacteria and *E. coli* express members of the RNA binding protein families, Rbp and Csp, in response to abiotic stresses including low temperature[@R59]^,^[@R70]^,^[@R71] and osmotic and nitrogen stress.[@R72] This suggests Rbp and Csp proteins perform roles required at low temperature with CspA being inferred to destabilize RNA secondary structure.[@R73]

RNA Helicases in Ribosome Biogenesis
====================================

RNA helicases associated with *E. coli* ribosome biogenesis
-----------------------------------------------------------

Since more than 20 RNA helicases are associated with eukaryotic ribosome biogenesis,[@R74] it is not unexpected that four of the five DEAD-box RNA helicases encoded in the *E. coli* genome,[@R75] RhlE, SrmB, CsdA and DbpA, are associated with this process. In *E. coli*, these genes are non-essential under normal growth conditions with mutant's only manifesting problems at low temperature. This implies that the defect in ribosome assembly is created by a thermal induced event involving stabilization of RNA secondary structure, trapping it in a misfolded state, which is alleviated by RNA helicase catalyzed unwinding. Ribosome assembly is a tightly controlled process involving the correct folding of rRNAs coordinated with ribosomal protein (r-protein) loading, in which the *E. coli* helicases function in a sequential manner, a perfect scenario for pathway regulation by RNA helicase activity.[@R9] The primary objective is formation of active ribosomes, potentially via pathways that differ at low and high temperature, producing temperature-adapted ribosomes.

Individual roles for RNA helicases in *E. coli* ribosome biogenesis
-------------------------------------------------------------------

The progressive growth defects observed in response to RNA helicase mutation correlate with accumulation of aberrant forms of the 50S ribosomal subunit, sedimenting at 40S, that accumulate in ∆*deaD* and ∆*srmB* mutants at all temperatures, but more pronounced at low temperature.[@R28]^,^[@R29]^,^[@R54] In the ∆*deaD* mutant, 40S particle accumulation is growth stage specific, accumulating to a lesser extent at 37°C during early log- but not mid log-phase growth.[@R76] The 40S particles are deficient in a differing subset of 50S proteins in the ∆*deaD* and ∆*srmB* mutants.[@R29] This observation, combined with the non-additive nature of the defects in the ∆*deaD*∆*srmB* double mutant, indicates that the two helicases perform different roles in 50S biogenesis. There is some functional overlap, however, as DeaD overexpression partially complements SrmB mutation, but not the reverse ([Fig. 3](#F3){ref-type="fig"}).[@R28]^,^[@R29]

![**Figure 3.** RNA helicases in *E. coli* ribosome assembly. The relative order of RNA helicase function in ribosome assembly and the sizes of intermediate 50S subunit particles that accumulate in RNA helicase mutants are indicated. RhlE functions early in the assembly process and is proposed to dictate whether assembly will follow an SrmB- or DeaD-specific pathway.[@R77] Whether the ribosome biosynthetic pathway involves both RNA helicases or if separate SrmB- and DeaD-specific pathways function at high and low temperature, respectively, is not known. SrmB interaction with L4, L24 and the 23S rRNA[@R81] indicates that it functions before DeaD however there is crosstalk between the two helicases as DeaD overexpression partially rescues the assembly defect in Δ*srmB* cells (black dotted arrow).[@R29] SrmB is required to form the L1024 G-ribo wrench pseudoknot, providing the nucleation site for L13 and subsequent events early in ribosome assembly.[@R81] The role of DbpA in assembly is controversial[@R76] but is reported to act late in the process, performing a function that occurs in the absence of DbpA, but not in cells expressing both wild type and mutant R331A proteins.[@R53]^,^[@R86] DeaD has also been shown to be required for a very late step in 30S assembly involving 16S rRNA.[@R117]*deaD* inactivation is partially alleviated by overexpression of cold-induced proteins, RNase R or CspA,[@R98]^,^[@R100] and also RhlE (green dotted arrow),[@R98] which catalyze RNA unwinding.[@R73]^,^[@R99]^,^[@R129] These observations suggest that DeaD functions to remove inhibitory RNA secondary structures whose stability is enhanced at low temperature. The overall objective is to produce stress-condition-specific ribosomes differing in their subunit composition e.g., a cold adapted ribosome. The figure is adapted from Shajani et al.[@R130]](rna-10-96-g3){#F3}

Association of the deficient r-proteins at different points in the assembly process indicates that SrmB functions before DeaD in the assembly process ([Fig. 3](#F3){ref-type="fig"}).[@R29] SrmB associates with the aberrant 40S particle but not mature 30S, 50S or 70S subunits, suggesting that SrmB completes its functional role and normally leaves the assembling 50S subunit before assembly is complete, a step that cannot be completed in the absence of SrmB. Identical ribosome profiles are observed in wild type and ∆*deaD* cells grown at 37°C while 40S particles lacking a specific subset of L-proteins and containing improperly processed pre-23rRNA accumulate progressively as the temperature is decreased.[@R29]^,^[@R76] Thus, DeaD appears to be only crucial for ribosome assembly at low temperature[@R29]^,^[@R76] in conjunction with its expression pattern.[@R57] Again, the function performed by the RNA helicases in ribosome assembly appears to be related to the removal of inhibitory RNA secondary structures and/or RNP complexes that form in the absence of RNA helicase activity and whose stability is enhanced in response to a reduction in growth temperature as ribosomal defects in the ∆5 strain are progressively alleviated by increasing the growth temperature to 41 and 45°C.[@R54]

rRNA defects in *deaD* and *srmB* mutants
-----------------------------------------

The ∆*deaD* and ∆*srmB* strains also accumulate improperly processed precursors of the 23S and 16S rRNA but not 5S rRNA.[@R28]^,^[@R29]^,^[@R77] These observations are not considered to be a direct effect of RNA helicase mutation but are ascribed to a defect in final 70S ribosome assembly as final processing of rRNA precursors occurs in the mature ribosome.[@R78]

Roles of DeaD and SrmB in *E. coli* ribosome biogenesis
-------------------------------------------------------

What are the site(s) and mode of DeaD and SrmB action? Are the defects observed in *ΔdeaD* helicase mutants resulting from lack of translation initiation of r-proteins or rRNA maturation or actual assembly? Peil et al.[@R76] proposed that DeaD could affect r-protein translation leading to the lack of specific r-proteins in *deaD* mutants, as observed by Charollais et al.[@R29] While DeaD has been associated with translaton, Peil et al.[@R76] also show that the final activation step, as indicated by reduced peptide bond formation by the 40S particles, is affected in *deaD* mutants, suggesting a direct involvement of DeaD in ribosome assembly. DeaD interaction with a variety of nucleic acid binding proteins including large and small subunit ribosomal proteins, in addition to RNA and DNA methylases and RNase R in a non-RNA-dependent manner suggests that DeaD may perform additional roles in ribosome assembly and/or cellular metabolism in addition to alteration of rRNA secondary structure,[@R79] roles which are required at low temperature.

SrmB interacts with L4, L24 and domain 1 located near the 5′ end of the 23S rRNA suggesting that the protein cofactors L4 and L24 directs SrmB to its correct RNA target in vivo.[@R80] The L4-L24--23S rRNA RNP complex is stable in vitro, leading Trubetskoy et al.[@R80] to propose that SrmB functions to clamp the 23S rRNA in a stable conformation until this stage of assembly can be completed. Insights into the basis of SrmB-rRNA interaction were revealed by an elegant genetic screen to identify rRNA mutations compensating for the lack of SrmB. Two heptanucleotide repeats were identified in domain II of the 23S rRNA (nucleotides 1022--1028 and 1034--1040) and a complementary hexanucleotide repeat in the 5S rRNA (nucleotides 25--30).[@R81] These mutations potentially disrupt complementary base pairing between the 23S and 5S rRNAs. These sites do not Watson-Crick base pair in the mature ribosome suggesting that SrmB may function to resolve improper folding of the 23S and 5S rRNAs that would result in the inhibition of 50S subunit assembly. These interactions indicate that SrmB is required to form the L1024 G-ribo wrench pseudoknot, providing the nucleation site for L13 and subsequent events early in ribosome assembly.[@R81] Low temperature would be predicted to enhance stability of these misfolded conformations, necessitating alleviation catalyzed by SrmB unwinding.

SrmB and DeaD therefore appear to have differing yet overlapping effects on 50S ribosome maturation, a proposal supported by the observation that the effects are not additive in a ∆*srmB*∆*deaD* mutant.[@R29] Involvement of another factor, possibly another RNA helicase or RNA chaperone, that compensates for the absence of DeaD is provided by the observation that essentially all of the 40S particles in ∆*deaD* cells can be converted into functional 50S subunits although the rate is reduced 4-fold compared with wild type.[@R76]

RhlE and *E. coli* ribosome biogenesis
--------------------------------------

RhlE is proposed to function in 50S subunit assembly before DeaD and SrmB, aiding DeaD and SrmB activity in ribosome biogenesis ([Fig. 3](#F3){ref-type="fig"}). *rhlE* is a multicopy suppressor that partially alleviates the ∆*deaD* mutation but exacerbates the ∆*srmB* cold sensitive phenotype.[@R77] Similar differential effects of RhlE on ∆*deaD* and ∆*srmB* mutants were observed on 40S particle accumulation, 23S rRNA maturation and the effect of *rhlE* deletion in ∆*deaD*∆*rhlE* and ∆*srmB*∆*rhlE* double mutants. Jain[@R77] proposed that the concentration of RhlE regulates pre-50S ribosome maturation through two separate pathways in which high and low RhlE levels favor separate SrmB- or DeaD-dependent maturation pathways, respectively. Since *deaD* expression is cold induced, RhlE selection of DeaD for 50S assembly could contribute to a cold-specific ribosome assembly pathway, resulting in formation of a cold-adapted ribosome ([Fig. 3](#F3){ref-type="fig"}). Evidence for further roles in ribosome biogenesis or activity is potentially provided by the observation that RhlE associates with 50S but also 30S and 70S ribosomes,[@R77] a situation similar to that observed for DeaD[@R29] but not SrmB which primarily associates with the 50S subunit.[@R28] The mechanism regulating RhlE expression levels or how RhlE interacts with or directs activity of the other helicases is not known. These observations indicate that the functional interactions between these helicases are complex and require further investigation.

DbpA and *E. coli* ribosome biogenesis
--------------------------------------

DbpA is a non-essential gene and mutant strains do not display a growth defect in rich media at either 37°C (82) or 25°C.[@R76] Any role for DbpA in ribosome biogenesis is therefore controversial[@R83] and, although lower temperatures were not investigated, Peil et al.[@R76] were unable to provide conclusive evidence for DbpA involvement in ribosome biogenesis at 25°C in rich media. A link with ribosome biogenesis has only been observed in response to mutation of the terminal Arg residue in the DbpA HRIGR box (R331A in conserved motif VI).[@R53] R331A creates a dominate-negative mutant, generating a small colony phenotype only in the presence of wild type DbpA, an effect observed at 37°C and more severely at 22°C. The marginal reduction in growth rate, 1.6- and 2.2-fold at 37°C and 22°C, reinforces the conclusion that temperature has a minor effect on DbpA function.

What is the role performed by DbpA? DbpA is one of the few RNA helicases for which a specific RNA sequence is known to activate RNA-dependent unwinding, helix 92 of the 23S rRNA peptidyl transferase center, suggesting a role altering the structure of this rRNA domain during ribosome assembly.[@R84]^,^[@R85] Aberrant 45S particles accumulate in R331A cells, lacking L-proteins that bind late in assembly and contain incompletely modified 23S rRNA, effects that are enhanced at 22°C.[@R53]^,^[@R86] In R331A, the 45S particles stimulate DbpA ATPase activity[@R86] indicating that hairpin 92 is not sequestered and this assembly step has not been completed. These results suggest that DbpA functions at a late stage of ribosome assembly, possibly required to catalyze a conformational change necessary for 23S rRNA processing, a step involved in peptidyl transferase center formation ([Fig. 3](#F3){ref-type="fig"}). The lack of a phenotype in *dbpA* mutants suggests that DbpA activity is not crucial for ribosome biogenesis and can be catalyzed by another RNA helicase, RNA chaperone or spontaneously at a rate sufficient to produce a wild type phenotype. The mechanism by which appearance of a phenotype only when R331A is overexpressed in the presence of the wild type gene is not known.[@R86] In these cells, the low levels of wild type DbpA will be completely sequestered by R331A.[@R86] The wild type DbpA-R331A complex may bind to the normal structure in the 92 hairpin but cannot catalyze the required conformational change, thereby stalling assembly and creating the 45S particle. This clamping scenario could also explain the observation that overexpression of R331A in a ∆*dpbA* background does not produce the phenotype and why the reaction does not occur spontaneously, as observed in the ∆*dpbA* mutant.[@R53]^,^[@R86] This proposal is consistent with the observation that the 45S particles contain reduced levels of seven L-proteins, many of which bind late in the assembly process.[@R86] A clamping hypothesis does not immediately appear to account for the observation that either DbpA or R331A are ribosome-associated under any condition tested,[@R86] a situation differing from SrmB, DeaD and RhlE.[@R28]^,^[@R29]^,^[@R77] In *Bacillus subtilis*, the DbpA homolog, YxiN, interacts specifically with the 23 rRNA[@R87] however further analysis of association with stress responses or ribosome biogenesis has not been reported.

RNA helicase role in ribosome biogenesis in other bacteria
----------------------------------------------------------

RNA helicase involvement in ribosome biogenesis in a temperature dependent fashion is not restricted to *E. coli*. For example similar effects on growth are obtained in response to deletion of the DExD family member, Lmo1722, in *L. monocytogenes* EGD-e. Lmo1722 is highly conserved in Gram-positive bacteria, a homolog of which is not present in *E. coli*. Lmo1722 is required for optimal growth at 25°C but dispensable at 37°C. The deletion strain exhibits reduced motility, decreased 50S and 70S accumulation and has defects in 23S rRNA processing, defects associated with deletion of the C-terminal region.[@R88]

RNA Helicases in RNA Turnover
=============================

Temperature dependent RNA helicase composition of the *E. coli* RNA degradosome
-------------------------------------------------------------------------------

In *E. coli* and other bacteria a major player in RNA turnover is a multisubunit complex termed the degradosome, consisting of the DEAD-box RNA helicase RhlB, RNase E, PNPase and enolase at 37°C.[@R89]^,^[@R90] The complex catalyzes RNA degradation from an initial endonucleolytic site created by RNase E and subsequent 3′ to 5′ exonucleolytic nucleotide removal catalyzed by PNPase. Structured RNA inhibits PNPase function and thus the RNA helicase activity of RhlB removes impeding RNA secondary structure, allowing PNPase degradation of the generated ssRNA.[@R91]

RhlB exhibits limited RNA helix unwinding activity and can be functionally replaced by RhlE in vitro[@R92] or DeaD in vitro and in vivo at low temperature ([Fig. 4](#F4){ref-type="fig"}).[@R93] Proteomic analysis confirmed the presence of DeaD and not RhlB in *E. coli* degradosomes purified from cells grown at 10°C, indicating not only that degradosome RNA helicase composition varies in response to low temperature stress but also that RhlB association is the rate-limiting factor in *E. coli* degradosome assembly.[@R94] Replacement of RhlB and potentially other components is believed to create a "cold shock degradosome" that unwinds and promotes degradation of specific RNAs whose duplex structures are thermodynamically stabilized at low temperature.[@R93] Degradosome composition therefore alters in response to various growth conditions, presumably functioning in cellular adaptation to the new environmental condition, providing the potential that the standard subunits may vary in response to other stress conditions and that the exchanged subunits may associate with other RNP complexes and thus function in alternative pathways.[@R95]^,^[@R96]

![**Figure 4.** RNA helicases and stress adapted RNA degradosomes. Subunit composition of the *B. subtilis* and *E. coli* degradosome is diagrammed. Under normal and conditions at 37°C, the *E. coli* degradosome protein subunits are shown with the identified protein-protein interactions indicated by overlapping symbols. The non-catalytic C-terminal domain of RNase E acts as the scaffold for subunit assembly[@R109] and associates with the membrane via an amphipathic α-helix.[@R92] RNase E and RhlB independently form helical cytoskeletal structures.[@R112]^,^[@R113] RhlB interacts directly with RNase E and PNPase at 37°C. In response to cold stress, RhlB can be exchanged with DeaD (in vitro and in vivo) or RhlE (in vitro) to produce a cold stress degradosome.[@R93]^,^[@R94] Stoichiometry of subunits is not known, however a model in which PNPase:RNase E:enolase:RhlB associate in a ratio of 4:3:8:8 binding to the C-terminus of RNase E has been proposed.[@R131] Similar to *E. coli*, the *B. subtilis* and *Staphylococcus aureus* degradosomes assemble on RNase Y (RNase E equivalent)[@R105] and are composed of the RNA helicase CshA (RhlB equivalent), enolase and PnpA (PNPase equivalent). In addition the complex contains the RNases J1, J2 and RnpA and the glycolytic enzyme, phosphofructokinase (Pfk).[@R103]^,^[@R104] RNase Y contains a single transmembrane domain, anchoring the complex in the membrane[@R105] but it is not known if the *Bacillus* degradosome complex forms helical cytoskeletal structures similar to those observed in *E. coli*. CshA interacts directly with enolase, Pfk and PnpA however evidence for exchange with other helicases in response to low temperature, although it could not be ruled out, possibly does not occur as CshA levels remain unaltered in response to growth conditions.[@R107] The diversity of interacting proteins provides the potential for alteration of degradosome composition in response to a range of abiotic stress conditions in *B. subtilis*.](rna-10-96-g4){#F4}

RNA helicase subunit switching in the degradosome is mediated by the RNase E binding proteins, RraA and RraB, with the level of RhlB being reduced by RraA and DeaD increasing in the presence of RraB ([Fig. 4](#F4){ref-type="fig"}).[@R97] The physiological importance of RraA- and RraB-mediated degradosome subunit switching is illustrated by the alteration of RNA decay patterns generating global transcript abundance profiles that differ from those observed in response to RNase E mutation.[@R97]

DeaD is implicated in RNA turnover by the observation that *cspA* mRNA is stabilized in ∆*deaD* cells, an effect that is partially reversed by overexpression of RhlE, CspA or RNase R ([Fig. 3](#F3){ref-type="fig"}).[@R98] CspA and RNase R are cold-induced proteins while RhlE and RNase R possess RNA helix destabilizing activity,[@R73]^,^[@R99]^,^[@R100] a function also inferred for CspA.[@R73] The results suggest that these RNA interacting proteins complement *deaD* deletion by promoting unwinding of DeaD RNA targets, providing ssRNA substrates for degradation. It is also possible that DeaD is required for the expression of an RNase, possibly RNase R, whose expression is cold induced.[@R100] These interactions again exemplify the plasticity of RNA helicase interaction with different protein cofactors in response to alterations in growth conditions, interactions that alter the repertoire of cellular biochemical capabilities.

RNA helicase composition of the RNA degradosome in other bacteria
-----------------------------------------------------------------

Variations in degradosome composition are observed in other bacteria where evidence for RNA helicase isozyme exchange in response to temperature change has been obtained from genomic and proteomic analysis. For example in the Gram-negative γ-proteobacterium *Psychrobacter arcticus* 273--4 which grows in permafrost soils, transcriptome analysis indicated that *deaD* transcript abundance generally decreased while *psyc_0943* levels increased as the temperature increased from -6°C to 22°C.[@R101] Psyc_0943 is an RhlB homolog, suggesting that *Psychrobacter arcticus* 273--4 switches RhlB for DeaD in the degradosome during cold stress. Alteration of degradosome composition in response to low temperature extends to the replacement of RhlB with RhlE and PNPase by RNase R in the cold adapted Gram-negative organism, *Pseudomonas syringae* Lz4W.[@R102] It should be noted that expression of RNase R[@R100] and PNPase[@R95] are enhanced at low temperature in *E. coli* but RNase R is not detected in cold-stress degradosomes.[@R94]

Gram-positive bacteria potentially possess an even wider diversity of degradosome complexes based on the variety of proteins known to associate with the complex.[@R103]^,^[@R104] Similar degradosomes assemble in *B. subtilis* and *Staphylococcus aureus* containing the RhlB-equivalent DEAD-box RNA helicase, CshA, RNases Y (functional equivalent of RNase E),[@R105] J1, J2 and RnpA, PNPase and the glycolytic enzymes enolase and phosphofructokinase ([Fig. 4](#F4){ref-type="fig"}).[@R103]^,^[@R104] Ribonuclease interaction suggests that CshA helicase activity is crucial for degradosome activity, supported by the observation that strong secondary structure impedes RNase J1 degradation.[@R106] Evidence for association of two of the other three DEAD-box RNA helicases, CshB and DeaD, with the degradosome could not be ruled out,[@R107] suggesting that subunit composition can be altered under additional growth conditions in *B. subtilis* ([Fig. 4](#F4){ref-type="fig"}). The mechanisms regulating this switch appear to differ from those occurring in *E. coli*, as while *cshA* and *cshB* are temperature regulated at the transcript level in *B. subtilis*[@R108] this is not reflected at the protein level where the level of the degradosome-associated CshA remains constant in response to both temperature and growth phase.[@R107] This implies that additional, more complex mechanisms would be required to regulate degradosome subunit switching in *B. subtilis*.

RNA helicase cellular compartmentalization
------------------------------------------

RNA helicases also function in cellular compartmentalization in prokaryotic systems. In *E. coli*, the degradosome complex assembles through association with the non-catalytic C-terminus of RNase E,[@R109] the N-terminal domain of which localizes the complex to the inner cellular membrane.[@R110]^,^[@R111] Degradosomes are components of the bacterial cytoskeleton, associating with the membrane as helical filaments, although only RNase E is required for formation of the coiled structures.[@R112]^,^[@R113] RhlB also independently assembles into coiled, cytoskeleton-like structures, in the absence of RNase E.[@R113] It is not known how RhlB associates with the inner membrane, most likely indirectly by interaction with an unidentified membrane protein or lipid. Demonstration that RhlE, DeaD and RNase R replace their respective components in the cytoskeletal degradosome structures at low temperature would further establish the diversity of roles performed by RNA helicases in RNA degradation and cellular compartmentalization in response to temperature stress.

RNA Helicases in Translation
============================

Role of DeaD in *E. coli* translation
-------------------------------------

In eukaryotes, the DEAD box helicase eIF-4A is required to initiate translation of essentially all mRNAs, removing secondary structure that inhibits Kozak scanning.[@R114]^,^[@R115] Although the *E. coli* DeaD helicase has also been proposed to aid translation of structured mRNAs in a similar fashion,[@R116]^,^[@R117] the actual function of DeaD in translation is controversial. Butland et al.[@R79] showed that DeaD overexpression removes the inhibitory effect of secondary structure artificially introduced into the 5′ UTR of the chloramphenicol acetyltransferase gene (*cat*) in vivo at 25°C ([Figs. 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}). Derepression in this system also occurs simply in response to an increase in growth temperature, implying that DeaD is removing RNA secondary structure whose stability is enhanced by low temperature. This DeaD-induced enhancement of translation initiation potentially also contributes to stabilization of mRNAs observed in cells overexpressing DeaD[@R118]^,^[@R119] and the impairment of heat shock protein expression observed in ∆*deaD E. coli* at low temperature.[@R57]

![**Figure 5.** DEAD box RNA helicases function in the *E. coli* cold stress response. Association of the five *E. coli* DEAD-box RNA helicases with cellular pathways associated with cold stress is indicated. DeaD is present at significantly reduced levels at 37°C with expression induced in response to cold stress at 15°C.[@R57] DeaD helicase activity is associated with a number of cellular pathways. RhlE, SrmB, DeaD and DbpA function in ribosome biogenesis, including 50S and 30S subunit assembly.[@R130] Whether these helicases function in a linear sequence of reactions associated with 50S subunit assembly or RhlE dictates either an SrmB- or DeaD-specific pathway, as proposed by Jain,[@R77] remains to be elucidated. At 37°C, RhlE is proposed to direct initial assembly followed by SrmB while at 15°C, RhlE is proposed to direct a DeaD-dependent pathway,[@R77] possibly associated with formation of a cold-adapted ribosome. Evidence for DeaD functioning at a late stage in 30S assembly has also been presented, aiding association of S1 and thus S2 onto the ribosome.[@R117] RhlB is an integral subunit of the RNA degradosome at 37°C, catalyzing RNA turnover. The degradosome complex assembles into two interacting cytoskeletal helices, one formed by RNase E and one by RhlB. At 15°C, DeaD and potentially RhlE can functionally replace RhlB, creating a cold-specific degradosome. DeaD also enhances translation at low temperature, potentially by removing RNA secondary structure which prevents translation initiation.[@R79] However, this effect has been ascribed to reflect DeaD loading of S1 and S2 onto the 30S subunit late in assembly, rather than DeaD unwinding of 5′ UTR secondary structure.[@R117] Evidence for RNA helicase function in the degradosome catalyzed turnover of sRNA-mRNA complexes, directed to the degradosome by the RNA chaperone Hfq, is circumstantial[@R132]^,^[@R133] although evidence has been presented indicating that RNA helicase activity could be required under specific conditions, for example cold stress. Resch et al.[@R122] have shown that DeaD is a cofactor required for regulation of *rpoS* translation by the sRNA, DsrA. At low growth temperature, *rpoS* translation depends upon DsrA binding which relieves the iss blocking ribosome entry to the *rpoS* ribosome-binding site. DeaD is proposed to unwind the iss secondary structure prior to Hfq annealing of DsrA to *rpoS*.[@R122] It is also possible that DeaD RNA helicase activity extends to a requirement to unfold DsrA and/or Hfq removal once the *rpoS*-DsrA duplex is formed and/or the requirement for an annealing RNA helicase, such as CrhR, to anneal the mRNA-sRNA duplex before interaction with Hfq at low temperature.](rna-10-96-g5){#F5}

The observed enhancement of DeaD on translation initiation may not be a direct effect. DeaD does not influence translation via unwinding of mRNA secondary structure in leaderless and canonical mRNAs but instead is involved in ribosome biogenesis, associated with loading of ribosomal proteins S1 and thus S2 onto the 30S subunit late in assembly.[@R117] The effect on translation initiation may therefore not directly involve mRNA unwinding but is a consequence of the requirement for S1 and S2 loading to form an active ribosome. S1 and S2 loading on the ribosome possibly involve DeaD rearrangement of 16S rRNA secondary structure ([Fig. 3](#F3){ref-type="fig"}).[@R117] Thus, the exact role DeaD performs in the enhancement of translation remains unknown, as it is potentially possible that DeaD performs two independent roles involving RNA structure rearrangement of both mRNA and the 16S rRNA during translation initiation at low temperature.

Association of DeaD with the *E. coli* transcription-translation machinery
--------------------------------------------------------------------------

Butland et al.[@R79] also showed that DeaD interacts with a number of other nucleic acid binding proteins, including SrmB, 30 and 50S ribosomal proteins, RNase R, and DNA and RNA methylases, at 25°C. Although not shown exhaustively, formation of this complex appears to be RNA dependent. These results again indicate that DeaD associates with ribosomes and they contribute to the concept that DeaD performs multiple roles in *E. coli*. DeaD interaction with two DNA methylases, YcbY and YhiR, potentially expand the roles to include DeaD association with the regulation of transcription or with a transcription-translation complex. Further evidence for RNA helicase association with transcription in prokaryotic systems comes from the observation that the *Rhodobacter capsulatus* degradosome contains two RhlB-related DEAD-box RNA helicases that associate with Rho.[@R120] Rho functions as the transcription termination factor ring-shaped RNA-DNA helicase belonging to helicase SF5, thereby linking physical interaction between various RNA helicases and the transcriptional machinery.

DeaD is therefore associated with numerous cellular functions, however a common theme appears to involve removal of inhibitory RNA secondary structure. Further elucidation of the abiotic and biotic factors regulating DeaD association with a variety of protein cofactors and complexes and how DeaD is specifically targeted to the correct RNA substrates under different growth conditions are crucial outstanding questions.

RNA helicases in sRNA function
------------------------------

RNA helicases are well known players in sRNA metabolism in eukaryotic systems, having implications in cell development, viral infection and cancer.[@R10]^,^[@R11]^,^[@R121] It is therefore likely that RNA helicases perform a role in sRNA metabolism in prokaryotes. Evidence of this activity is starting to appear.

DeaD and sRNA stimulation of translation
----------------------------------------

Resch et al.[@R122] show that DeaD is a cofactor required for positive regulation of *rpoS* translation by the sRNA, DsrA. Binding of bacterial sRNAs can enhance translation by opening intramolecular inhibitory stem-loop structures (iss) that inhibit ribosome binding. At low growth temperature, *rpoS* translation depends on DsrA binding which relieves the iss blocking ribosome entry to the *rpoS* ribosome-binding site, with *rpoS*-DsrA duplex formation requiring the RNA chaperone, Hfq.[@R123] The lack of *rpoS*-DsrA duplex formation at low growth temperature in a *deaD* mutant combined with evidence for Hfq-DeaD interaction suggests that DeaD is required to unwind the iss secondary structure prior to Hfq annealing of DsrA to *rpoS* ([Fig. 5](#F5){ref-type="fig"}).[@R122] It is also possible that DeaD RNA helicase activity extends to a role in DsrA unfolding and/or Hfq removal once the *rpoS*-DsrA duplex is formed. The ability of RNA helicases to rearrange RNA or RNP structure by performing both unwinding and annealing of sRNA-mRNA complexes indicates that additional and possibly more complex examples of a central role for RNA helicase regulation of sRNA metabolism await discovery.

RhlB requirement for sRNA-mRNA duplex degradation
-------------------------------------------------

In contrast to the example given above, the majority of sRNA-mRNA interactions decrease gene expression through RNA degradosome mediated degradation of the RNA duplex. In *E. coli* at 37°C, the sRNA-mRNA duplex is targeted to the degradosome by Hfq interaction with RNase E.[@R124] Overexpression of RhlB prevents Hfq binding to RNase E suggesting that RNA helicase activity is not required for degradosome activity on sRNA-mRNA duplexes.[@R125] This indicates the potential for different pathways by which specific RNAs are degraded by a degradosome containing different subunits, highlighting the versatility of the degradosome to be modified in order to respond to different conditions and/or RNA substrates. It is possible that a DeaD-associated degradosome is required for sRNA-mRNA degradation at low temperature.

Concluding Remarks
==================

RNA helicases function in a variety of prokaryotic RNA pathways associated with abiotic stress. A common theme involves resolution of complications associated with stabilization of RNA secondary structure. The most studied stress is low temperature although responses to other stresses have also been reported. Whether this common theme limits RNA helicase association with other abiotic stress responses remains to be answered. Regulated expression and/or protein exchange of RNA helicases is involved in formation of cold-adapted ribosomes and RNA degradosomes. Similar functions for RNA helicases in transcription-translation complexes and roles in RNA processing and maturation whose efficiency is also affected by RNA secondary structure stabilization at low temperature are expected.

RNA helicases therefore contribute to functional crosstalk between helicase and protein cofactors thereby altering the composition of functional protein complexes in response to changing environmental conditions. Bacterial helicases may also function in different cellular pathways contributing to the compartmentalization of cellular function. Common themes include cold stress, 50S ribosome biogenesis, RNA turnover and membrane association.

While significant advances have been made in deciphering RNA helicase biochemistry and cellular structure/location, a model describing the mechanisms by which RNA helicase expression is regulated and the factors that target RNA helicases to different RNA substrates and protein complexes in response to changing environmental conditions is incomplete. Furthermore, while *E. coli* continues to be the dominant source for investigation, divergent prokaryotic species will no doubt exhibit species-specific RNA helicase function, yielding unique insights into additional roles alteration of RNA secondary structure performs in the regulation of prokaryotic cellular metabolism. Evidence that RNA helicases are prime targets for improving biotechnological applications, indicates that alteration of RNA helicase activity has implications in biotechnological, food safety and potentially other medical applications.
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